Abstract Changes of groundwater levels induced by the M L 7.3 Chi-Chi earthquake on 21 September 1999 were recorded at 157 out of 179 monitoring wells in the Choshui River alluvial fan. Of those, 67 observed large groundwater-level changes, ranging from 1.0 to 11.1 m. These 157 wells are clustered at 64 stations located approximately 2 to 50 km west of the north-south-trending Chelungpu fault. Both oscillatory and steplike changes of water level were observed on the analog records at the time of earthquake, while only steplike changes were observed on the hourly digital records. Coseismic changes of groundwater level were recorded not only in the confined aquifers but also in the partially confined aquifers and the unconfined aquifers. The recovery of water-level changes took minutes to months, depending primarily on hydrogeologic conditions of the confining layers. The sign and magnitude of coseismic water-level change at a well varied with its distance from the fault. The distribution of coseismic water-level changes induced by the ChiChi earthquake indicates that water-level rise predominated in most of the footwall area, whereas water-level fall prevailed in a narrow zone adjacent to the fault trace.
Introduction
On 21 September 1999, an earthquake of M L 7.3 occurred near the town of Chi-Chi in central Taiwan at 1:47 a.m. local time. The epicenter of the earthquake was at 23.85Њ N, 120.82Њ E, and the hypocentral depth was about 8 km. The earthquake caused a widespread ground rupture, extending approximately 100 km in the north-south direction, which appeared along the preexisting scarp of Chelungpu fault. Field investigations and a Global Positioning System (GPS) survey indicated that the hanging wall on the east side of Chelungpu fault thrust northwestward. The displacement caused by the Chi-Chi earthquake increases northward, up to 4.2 m in the vertical direction and 7.1 m in the horizontal direction (Central Geological Survey of Taiwan, 1999) .
During the occurrence of Chi-Chi earthquake, groundwater levels were monitored by a network of 179 wells in the Choshui River alluvial fan lying to the southwest of Chelungpu fault (Fig. 1) . Hourly digital records indicate steplike changes of ground water level at 157 wells in response to the earthquake. Of those, 67 recorded large water-level changes, ranging in magnitude from 1.0 to 11.1 m.
Earthquake-related changes of groundwater level have been studied for years (Wakita, 1975; Liu et al., 1989; Quilty and Roeloffs, 1997; King et al., 1999) . Monitoring wells have been installed along fault zones to observe water level changes as an indicator of crustal deformation and to search for possible pre-seismic abnormal changes in the United States , Japan (Igarashi and Wakita, 1991; Ohno and Wakita, 1997) , India (Chadha et al., 1997) , and elsewhere. The number of groundwater level records in the vicinity of Chelungpu fault and the magnitude of waterlevel changes induced by the Chi-Chi earthquake, however, may be unprecedented. In this article, we describe the network of monitoring wells in the vicinity of Chelungpu fault and some typical coseismic and postseismic changes of groundwater level in the confined, partially confined, and unconfined aquifers. By presenting the distribution of coseismic groundwater level changes in the Choshui River alluvial fan, one may better understand the impact of thrusting on groundwater level changes in the unconsolidated deposits.
Network of Monitoring Wells in the Choshui River Alluvial Fan
The Choshui River alluvial fan lying in the western coastal plain of central Taiwan is abundant in groundwater resources. Extensive development (industrial, commercial, etc.) since the 1970s, however, has caused a drastic decline of groundwater level and serious land subsidence in the coastal area. The Bureau of Water Resources in Taiwan, therefore, initiated a groundwater monitoring well network project in 1992 to provide long-term groundwater-level information for better management of groundwater resources. From 1992 to 1997, 188 monitoring wells clustered at 73 stations were installed in the Choshui River alluvial fan (Liu et al., 1999) . Of those, 179 wells at 70 stations were in operation during the Chi-Chi earthquake.
These wells, located approximately 2 to 50 km west of the Chelungpu fault, were installed in the unconsolidated deposits. Each monitoring well station consisted of one to five wells, ranging in depth from 14 to 300 m. Each well monitors only one aquifer, which is primarily composed of gravel or sand. The wells were installed with 6-in diameter galvanized steel or stainless steel casing. The length of well screen ranges from 6 to 36 m. The gravel pack around the well screen is overlain by 3-to 5-m thick bentonite to prevent groundwater from flowing between aquifers of different depths.
Prior to the placement of a well station, an exploratory borehole was drilled for hydrogeologic investigations. Coring, well logging, sediment-size analysis, C-14 dating, water quality analysis, stratigraphic study, and hydraulic testing were conducted to provide comprehensive on-site hydrogeologic information. Stratigraphic columns of four monitoring wells, which will be discussed in this article, are shown in Figure 2 .
All monitoring wells are instrumented with either a pressure transducer or a float-type sensor for measuring groundwater level. A digital recorder or a combination of strip-chart analog recorder and analog-to-digital recorder is used to record water level data. Water levels in the monitoring wells have been recorded at one-hour intervals since 1994. The precision of measuring water level by the digital recorder and analog recorder is approximately 1 and 5 mm, respectively. But the precision of hourly digital records is set to be 1 cm. The resolution of time on analog records is approximately 3 to 5 min.
Groundwater level at monitoring wells in the Choshui River alluvial fan is primarily influenced by pumping and rainfall. Generally, the groundwater level fluctuates with pumping along the coastal region. Away from the coastal region, the ground water level changes more with precipitation and less with pumping. The change of water level with pumping or rainfall ranges from a few centimeters to tens of centimeters over a 1-hr period of time.
Coseismic Changes of Groundwater Level
Examination and verification of hourly water level data of 179 wells indicated that changes of water level were observed at 157 wells at the time of earthquake. Of those, 67 recorded changes greater than 1 m, which is far greater than the effects of barometric pressure or earth tide. The largest water level change was 11.1 m. Among the other 22 wells, 12 were rejected due to poor recording quality, 9 were discarded due to damages of instrument at the time of earth- quake, and 1 did not show any coseismic change of water level. Due to the 1-hr sampling interval, only steplike changes of water level induced by the earthquake were observed on the digital records. Nevertheless, the continuous strip-chart analog instrument recorded both steplike and oscillatory changes of water level during the earthquake. Figure 3 shows a typical pattern of water level fall in a partially confined aquifer induced by the Chi-Chi earthquake. The JS1 well, located approximately 2 km west of the Chelungpu fault, was screened at the depth from 66 to 96 m. As depicted in Figure 3a , hourly digital records clearly display an abrupt water level fall of 7.12 m between 1 a.m. and 2 a.m. on 21 September 1999. Apparently it is difficult to pinpoint the precise time and other details of water level change from the hourly digital records. However, the analog records of JS1, as shown in Figure 3b , indicated an abrupt water level fall of 6.9 m occurred between 1:47 a.m. and 1:52 a.m. that was close to the time of Chi-Chi earthquake. Water level changes were also observed at the time of a few aftershocks.
The rise of water level in a confined aquifer induced by the Chi-Chi earthquake can be typically shown by the records of YL1 in Figure 4 . The YL1 well, located approximately 13 km west of the Chelungpu fault, was installed to monitor the water level at the depth from 51 to 69 m. The hourly records in Figure 4a shows a steplike water level rise of 6.55 m between 1 a.m. and 2 a.m. on 21 September. On the analog records, as shown in Figure 4b , water level rose approximately 6.5 m between 1:47 a.m. and 1:52 a.m. on 21 September. The analog records at YL1 also show oscillatory phenomenon of water level at the time of steplike waterlevel rise. Because the oscillation was essentially the dynamic response of water level to seismic waves of the ChiChi earthquake, it is believed that the correct time for the rise of groundwater level at YL1 was close to 1:47 a.m. on 21 September, when the Chi-Chi earthquake occurred.
Coseismic changes of groundwater level were observed not only in the confined aquifer and the partially confined aquifer, but also in the unconfined aquifer, as shown in Figure 5 . The 50-m deep TC well, located approximately 13 km west of the Chelungpu fault, was installed to monitor the water level in a thick unconfined gravel aquifer. Due to the low sampling rate, as shown in Figure 5a , the hourly digital records only observed a water-level rise of 0.2 m at TC between 1 a.m. and 2 a.m. on 21 September in response to the Chi-Chi earthquake. However, as shown in Figure 5b , the analog records indicated that between 1:47 a.m. and 1:52 a.m. the water level rose approximately 1.4 m, far greater than the rise on hourly digital records. Strong oscillations of water level with large amplitudes, up to 6.2 m, were observed at the time of the mainshock as well as aftershocks of the Chi-Chi earthquake. The water level recovered to its original level within 20 min after each shock. The rapid recovery of water level after earthquake indicates the importance of sampling rate of digital recorder, particularly in the unconfined aquifer. Similar oscillatory phenomena of water level were also observed at the time of steplike water-level changes on the analog records of many other monitoring wells. Therefore, it is concluded that the abrupt changes of water level at all of the monitoring wells in the Choshui River alluvial fan are likely to be coseismic.
Postseismic Changes of Groundwater Level
After the Chi-Chi earthquake, the elevated or declined groundwater level began to recover as a result of recharge from or discharge to the surrounding formations. In the Choshui River alluvial fan, the recovery of coseismic water-level changes usually took less than one hour in an unconfined aquifer (Fig. 5) , a few days in a partially confined aquifer (Fig. 6) , and a few weeks to months in a confined aquifer (Fig. 7) . The recovery of water-level change induced by the ChiChi earthquake in a partially confined gravel aquifer can be demonstrated by the long-term monitoring records of the JS1 well located approximately 2 km south of the Choshui River. As shown in Figure 6a , the water level that fell 7.12 m coseismically recovered 6.7 m in two days after the earthquake, possibly caused by a rapid recharge from the Choshui River. Instead of recovering further afterward, the water level fluctuated at approximately 40 to 45 cm below its preseismic level. At 8 a.m. on 26 September the water level fell again in response to the M L 6.7 aftershock, then quickly recovered to a level approximately 12 to 15 cm below the preaftershock level. It is suspected that the difference between preseismic and postseismic water levels at JS1 is related to the uplift of ground surface as a result of faulting. Further investigations and geodetic survey are needed to interpret this phenomenon. From early October, the water level began to decline gradually due to the reduction of groundwater recharge during the dry season, as shown in Figure 6b .
The YL1 well was installed in a highly permeable confined gravel aquifer, but the recovery rate of coseismic change was rather slow. Figure 7a shows that water level declined 2 m rapidly in the first day after the coseismic rise of 6.55 m, then fell slowly and monotonously. It is noted that another coseismic rise of 29 cm occurred at 8 a.m. on 26 September as a result of the M L 6.7 aftershock. As shown in Figure 7b , by the end of October 1999 the elevated water level declined approximately 4.4 m, but did not fully return to its preseismic level. Obviously the rate of water-level recovery in the confined aquifer is controlled more by the diffusivity of confining beds and less by the diffusivity of the monitored gravel aquifer itself.
At some wells, the coseismically declined or elevated groundwater levels continued to fall or rise after the Chi-Chi earthquake. This phenomenon can be demonstrated by the variation of water level at the LY2 well located 4.8 km west of the Chelungpu fault (Fig. 8) . LY2 was an artesian well before the Chi-Chi earthquake. The water level fell 5.94 m at the time of earthquake, but did not show any recovery after the earthquake. Instead, it continued to decline and became a nonartesian well. This phenomenon is possibly related to outflow of groundwater through fractures induced by the earthquake as proposed by King et al. (1999) . In addition, the water level at LY2 was relatively more responsive to aftershocks. The water level declined 40, 39, and 20 cm in response to M L 4.8, 6.7, and 4.7 aftershocks, respectively. It is suspected that the LY2 well is located at a place sensitive to fault movement.
Distribution of Coseismic Water-Level Changes
Pore fluid pressure could be very sensitive to crustal strains induced by the change of tectonic stress. Bredehoeft (1967) indicated that the water level in a well tapping a confined aquifer has the potential for monitoring small strains. Based on the close correlation between the coseismic groundwater level change and the volumetric strain caused by the faulting during the 1974 M 6.9 Izu-Hanto-Oki earthquake, Wakita (1975) suggested that the water level of wells could be used to monitor the changes of tectonic strain. A network of observation wells has been established in the Parkfield area to monitor the crustal deformation since 1985 . The distribution of coseismic groundwater level changes generally agreed with the sign of calculated volumetric strains , but was not consistent with the magnitude of calculated volumetric strains (Grecksch et al., 1999) . The amplitude of coseismic water level rises in a single well can be related to the magnitude of earthquake and the wellepicenter distance (Roeloffs, 1998) . Among the 157 monitoring wells where coseismic changes of water level were observed in the Choshui River alluvial fan, 141 recorded coseismic rises while 16 recorded coseismic falls. These 157 monitoring wells are clustered at 64 stations in the footwall of Chelungpu fault. Locations of these well stations in the Choshui River alluvial fan are shown in Figure 1 . Among the 64 stations, there are 53 stations where coseismic rises of water level were observed and 8 stations where coseismic falls were observed. At the remaining three stations, a coseismic rise was observed at one well, but a coseismic fall at another well of different depth.
The sign and magnitude of the coseismic changes tend to vary with distance from the Chelungpu fault. Figure 9 illustrates the relationship between the largest coseismic change of groundwater level at a well station and the distance from the well station to the fault zone along four eastwest trending lines (Fig. 1) . All of the four stations along line AAЈ, located approximately 16 to 33 km west of the Chelungpu fault, recorded coseismic rise of water level. Along line BBЈ, a coseismic change of ‫9מ‬ m (decline) was observed at SK located 3 km west of the fault. The coseismic change became positive at TC located 13 km from the fault and reached the maximum at SC located 20 km from the fault. Beyond SC, the change reduced gradually, but remained positive. The variation of coseismic water level changes along lines CCЈ and DDЈ is similar to that along BBЈ. The general trend of coseismic changes inferred from Figure 9 indicated that groundwater level fell coseismically in the area adjacent to the fault and rose coseismically beyond 10 to 12 km from the fault. The coseismic rise approached the maximum in the area approximately between 20 and 30 km from the fault, and reduced gradually beyond that range.
Previous studies indicated that the area where groundwater level rose or fell coseismically is generally consistent with the area of volumetric compression or volumetric expansion. The distribution of groundwater level changes, as depicted in Figures 1 and 9 , shows that coseismic rises of groundwater level or volumetric compression resulting from thrust faulting predominated in most of the footwall area. Coseismic water-level falls were observed near the east border of Choshui River alluvial fan. Obviously the water level fall or volumetric expansion occurred in the footwall as well, but only in a narrow zone adjacent to the Chelungpu fault trace. Further research is needed to understand the mechanisms involved in the distribution pattern of water-level changes as well as the relation between volumetric strains and water-level changes.
Conclusions
Results of this study indicated that steplike changes of water level induced by the Chi-Chi earthquake were generally observed on the hourly digital records, but the analog records observed both oscillatory and steplike changes of water level coseismically. Coseismic rise or fall of water level was observed not only in the confined aquifer, but also in the partially confined aquifer and the unconfined aquifer. The recovery of groundwater level was primarily controlled by hydrogeologic conditions, particularly the vertical confinement of aquifers. It is anticipated that the recovery process of coseismic water level changes has the potential to be used for investigating regional hydrogeologic characteristics. The coseismic changes of groundwater level at a well can be related to its distance from the fault. The distribution of coseismic water level changes in the Choshui River alluvial fan indicated that the rise of water level predominated in most of the footwall of Chelungpu fault, while the fall of water level prevailed in a narrow zone adjacent to the fault trace. The belted distribution of water level fall adjacent to the thrust fault, however, remains to be confirmed by further studies.
